ABSTRACT: The anterior cruciate ligament (ACL) acts to stabilize the knee and prevent excessive motion of the tibia relative to the femur. Tears of the ACL are common and can result in pain and damage to surrounding tissues. Thus a torn ACL is often surgically replaced with an autograft or allograft material. Drawbacks to clinically available ACL grafts motivate the development of a tissue engineered ACL replacement. Our group has previously developed a polycaprolactone electrospun scaffold that mimics the hierarchical structure of the ACL. The goal of this study was to investigate the mechanical properties of the electrospun scaffold as an ACL replacement. Scaffold mechanical properties were assessed prior to implantation via stress relaxation and pull to failure testing. Following in vitro characterization, electrospun scaffolds and soft tissue grafts were implanted into ovine cadaver stifle joints as ACL replacements. Stifle joints with ACL replacements were tested via a simulated anterior drawer test as well as in situ stress relaxation and pull to failure tests and compared to stifle joints with the native ACL intact. Prior to implantation the scaffold matched the native ovine ACL well in the range of functional strains as evidenced by stress relaxation measures and the toe region stiffness. After implantation the scaffold was more similar to the native ACL than the soft tissue graft, particularly when it came to reducing joint laxity and matching stress relaxation measures. These results demonstrate that the electrospun scaffold has the potential to be a suitable material for ACL replacement. The anterior cruciate ligament (ACL) is a complex hierarchical structure that connects the femur to the tibia and is composed primarily of collagen. The ACL functions to restrict tibial motion and thus stabilize the knee throughout the functional range of motion. The primary function of the ACL is to restrict anterior translations of the tibia relative to the femur. Clinically, an "anterior drawer test," where an anterior force is applied to the tibia, is often used to test for the presence of an ACL tear.
The anterior cruciate ligament (ACL) is a complex hierarchical structure that connects the femur to the tibia and is composed primarily of collagen. The ACL functions to restrict tibial motion and thus stabilize the knee throughout the functional range of motion. The primary function of the ACL is to restrict anterior translations of the tibia relative to the femur. Clinically, an "anterior drawer test," where an anterior force is applied to the tibia, is often used to test for the presence of an ACL tear. 1, 2 The secondary function of the ACL is to prevent internal rotation of the tibia relative to the femur, particularly when the knee is fully extended. Additionally, the ACL functions to prevent a combination of external tibial rotation and varus-valgus motion under weight-bearing conditions. The ACL is loaded throughout the gait cycle and musculoskeletal modeling has shown that in human knees the ACL experiences peak loads of $300 N and maximum strains of approximately 3%. 3, 4 Similar to other tendons and ligaments, the ACL is characterized by nonlinear behavior in response to applied tensile loads. 5 Under initial tensile loads, the force-displacement curve of the ACL displays a characteristic low stiffness linear region where the collagen fibers of the ligament are not yet loaded whereas the elastin component is loaded. Next, a non-linear toe region is evident from the reversible un-crimping of collagen fibers, followed by a high stiffness linear elastic region of loading where the collagen fibers are completely un-crimped and taut. 6 The ACL also exhibits time-dependent viscoelastic properties, where the elongation of the ligament depends not only on the magnitude of the force but also on the application rate. 7 Tears of the ACL are common and altered joint kinematics can limit normal patient activities. 8, 9 Significant pain, bone bruising, joint instability, and damage to surrounding soft tissues occurs after ACL rupture. 10 Both allografts and autografts are commonly used to surgically replace the torn ACL and restore joint stability. 11, 12 Commonly used grafts include the semitendinosus tendon, the gracilis tendon, the Achilles tendon, or patellar tendon with attached bone plugs. 13, 14 Regardless of tissue type or tissue source no definitive evidence has demonstrated the ability of ACL reconstructions to fully restore knee functionality or prevent re-tears of the reconstruction or the contralateral ACL. [15] [16] [17] Poor outcomes after ACL reconstruction may be attributed to a failure of grafted tissues to match the mechanical property of the native ACL and an inability of the reconstruction to restore knee kinematics. 18 Based on the limitations of traditional ACL allografts and autografts, our group has developed a polycaprolactone (PCL) scaffold for use as a tissueengineered ACL replacement that mimics the hierarchical structure of the native ACL. PCL has a slow degradation rate and does not generate harmful byproducts, making it a popular choice for tissue engineered scaffolds. 19 The scaffold structure mimics a bone-patellar tendon-bone ACL graft with electrospun nanofiber bundles connecting two solid cylindrical blocks intended to be inserted into bone tunnels. We have previously shown that the sub-structural components of the scaffold mimic the hierarchical structure and material properties of the native ACL. 20 Additionally, we have shown that ovine bone marrow-derived stem cells seeded on the scaffold deposit collagen in vitro, and implantation into the ovine stifle joint is clinically feasible. 21 Taken together, these advances suggest that the novel scaffold could perform well as a tissue engineered ACL replacement.
Prior to an in vivo study, assessment of the scaffold ex vivo (prior to implantation) as well as in situ (after implantation into a cadaver stifle joint) is necessary. Additionally, comparing the performance of the implanted scaffold to an implanted soft tissue graft which mimics a clinically available allograft or autograft would be beneficial. If the in situ performance of the implanted scaffold is comparable to the performance of the soft tissue graft, it would suggest that the novel scaffold developed in this study can provide a similar amount of stabilization to the knee as a clinically available repair. Thus, the goal of this work was to evaluate the performance of the novel scaffold as an ACL replacement.
METHODS

Electrospun Scaffold Fabrication
The base material for the scaffolds (Fig. 1A ) was flat sheets of aligned electrospun polycaprolactone (PCL) nanofibers created using a 10% PCL solution and a previously detailed electrospinning technique. 20, 21 To create sheets with nanofibers primarily aligned along one axis, an aluminum drum rotating at a linear velocity of approximately 12 m/s was placed 10 cm from the needle tip and used as the collector surface. Nanofiber bundles approximately 0.5 mm in diameter and 175 mm in length were created from sheets of nanofibers by excising a rectangular section (5 Â 175 mm) and rolling it into a tight cylinder 20, 21 (Fig. 1B) . The nanofibers composing the nanofiber bundles were primarily aligned along the longitudinal axis (Fig. 1C) .
A solvent casting technique was used to combine together multiple nanofiber bundles to create a complete scaffold (Fig. 1D-G) . Groups of approximately 50 nanofiber bundles with an overall diameter of approximately 4 mm were cut to 35 mm in length and tied together with sutures. The solvent solution was created by dissolving 3.5 mg PCL (Mw ¼ 50,000; Perstorp Capa 6506) in 5 ml of dichloromethane (Fisher Chemical, Waltham, MA, D37-1) to create a 70% w/v PCL solution. To create PCL blocks with diameter 6 mm and length 30 mm, 850 ml of the PCL solution was cast into a segment of silicone tubing (Fig. 1D ) and the solvent was allowed to evaporate off overnight. The upper 15 mm of each PCL block was cut off and discarded due to the presence of voids formed from bubbles during solvent evaporation (Fig. 1E) . The remaining 15 mm of each PCL block was inserted into the bottom of a new segment of silicone tubing (20 mm in length, Fig. 1E ) and 140 ml of 70% PCL solution was cast onto the top of the PCL block. Immediately after casting the solution on top of the PCL block, one end of the nanofiber bundle group was inserted into the solution (Fig. 1F) . The solvent was allowed to evaporate overnight before repeating the procedure on the other end of the nanofiber bundle group (Fig. 1G ). This procedure created scaffolds with a fiber region 4 mm in diameter and 20 mm in length held together at each end with PCL blocks 6 mm in diameter and 20 mm in length (Fig. 1A) . The fiber region mimicked the length of the native ovine ACL to extend through the intraarticular space and the PCL blocks were be inserted into bone tunnels in the femur and tibia.
Surgical Technique
Ovine cadaver stifle joints were collected from Colorado State University that had been euthanized for unrelated purposes; therefore, these specimens were exempt from Animal Care and Use approval. Either a soft tissue allograft or a novel electrospun scaffold was implanted for ACL reconstruction. Soft tissue grafts were obtained by harvesting the lateral digital extensor (LDE) tendons from the hind limbs of sheep (Ovis aris Rambouillet X Columbian ewes) that had been euthanized for unrelated purposes. Surgical procedures were performed by trained veterinary surgeons experienced in ovine ACL reconstruction techniques. The LDE tendon was first isolated and transected distally at the mid-metatarsal region. A tendon stripper was introduced over the transected end of the tendon through a surgical approach to the distal tibia and the tendon was collected. Adherent muscular tissue at the musculotendinous junction was stripped from the tendon and the tendon was folded upon itself to yield a double-bundle LDE tendon graft. These grafts were approximately 6 mm in diameter and 120 mm in length and remained hydrated with saline solution until use.
Prior to ACL reconstruction, the native ACL was transected and all remnant tissue was removed. With the stifle joint in high flexion, a tibial bone tunnel was drilled "inside-out" from the tibial footprint of the ACL to emerge on the medial surface of the proximal tibia using an acorn reamer (Arthrex, Naples, FL, 1407-LP). The tunnel dimensions were 7 mm in diameter and approximately 35 mm in length. A similar process was used to create a femoral bone tunnel approximately 30 mm in length originating at the femoral footprint of the ACL and emerging on the lateral surface of the distal femur. Care was taken to avoid damaging any surrounding ligaments.
For implantation of the soft tissue allograft, the graft was first delivered into the femoral bone tunnel using a passing pin. With the joint in high flexion, a 7 mm stainless steel interference screw (Arthrex AR-1370H-25) was inserted "inside-out" into the antero-medial aspect of the femoral tunnel while the graft was tensioned on the posterio-lateral aspect of the tunnel. The free end of the graft was then delivered into the tibial bone tunnel and care was taken to ensure the graft did not twist in the intraarticular space. With the joint at approximately 90˚of flexion and the graft tensioned along the postero-medial aspect of the tibial bone tunnel, a 7 mm interference screw was inserted "inside-out" into the antero-lateral aspect of the tibial bone tunnel.
For implantation of electrospun scaffold, nylon monofilament was inserted through each PCL block to serve as passing sutures. A passing pin was used to draw the scaffold "outside-in" through the tibial bone tunnel so that the one PCL block remained in the tibial tunnel. The second PCL block was drawn "inside-out" through the femoral tunnel with the passing pin and care was taken to ensure that the fibers were not twisted in the intraarticular space. With the joint in high flexion and tension on the scaffold via the tibial passing sutures, a 6 mm stainless steel interference screw (Arthrex AR-1360E) was inserted "inside-out" into the antero-medial aspect of the femoral bone tunnel. Finally with the joint at approximately 90˚of flexion and the graft tensioned via the tibial passing sutures, a 6 mm interference screw was inserted "inside-out" into the antero-lateral aspect of the tibial bone tunnel.
Ovine Stifle Joint Mechanical Testing
Stifle joints were tested under four conditions: ACL intact (ACL), ACL transected (ACLX), soft tissue graft implanted (Graft), and electrospun scaffold implanted (Scaffold in situ). Prior to mechanical testing, the femur and tibia were cut to approximately 135 mm from the stifle joint line The ends of the bones were cleared of tissue and potted in resin in cylindrical cardboard molds (50 mm diameter, 70 mm length).
Stifle joints were tested using a servo-hydraulic material test system (MTS, Bionic Model 370.02 MTS Systems Corporation). Anterior drawer testing was simulated for four conditions: ACL (n ¼ 5), ACLX (n ¼ 5), graft (n ¼ 6), and scaffold (n ¼ 6). Major stifle ligaments and the menisci were left intact while all musculature was removed. The MTS was equipped with a 2,000 lb load cell (Interface 1210AF-2k) and a custom-built testing fixture was used to hold the joint at 90˚of flexion ( Fig. 2A) . Following the application of a 5 N pre-load the femur was displaced upward at a rate of 1 mm/s (to mimic anterior tibial displacement) until 50 N of load was observed, as previously described. [22] [23] [24] The translation displacement at 50 N of load was recorded.
Joints were then tested under stress relaxation followed by pull to failure testing for the conditions ACL (n ¼ 5), graft (n ¼ 4), and scaffold in situ (n ¼ 5). Joints were dissected of all soft tissue leaving only the ACL, soft tissue graft, or electrospun scaffold intact. With the stifle joint in full extension, calipers were used on the posterior aspect of the joint to measure the length of the ACL, soft tissue graft, or electrospun scaffold based on the distance from the most proximal point of the femoral insertion to the center of the tibial insertion. The MTS was equipped with a 2,000 lb load cell and a custom-built testing fixture was used to hold the joint at 60o f flexion such that the ACL was aligned with the axis of loading 22 ( Fig. 2B ). Joints were pre-loaded to 10 N and then strained to 3% strain at a rate of 2 mm/s, and held for 20 min to record stress relaxation behavior. Preliminary testing showed that after 15 min the observed load changed less than 0.1% over 1 min indicating full relaxation had occurred. Following stress relaxation testing, and a 10 min rest period, a 5 N preload was applied and the tibia was displaced upwards at a strain rate of 1%/s until failure, which mimics the strain rate of the native ACL during gait. 4, 25 Electrospun Scaffold Mechanical Testing Uniaxial tensile testing was performed on ex vivo electrospun scaffolds using the MTS equipped with a 100 lb load cell (Interface 1500ASK-100). Hydraulic wedge grips (Model 647 MTS Systems Corporation) set to 500 psi were utilized to clamp the PCL blocks at the base of the nanofiber bundles such that all strain occurred in the fiber region. Sample gauge length was measured using a CCD camera. Stress relaxation and pull to failure tests were completed on these samples under the same conditions described above for in situ testing.
Data Analysis
Custom Matlab (R2016b Mathworks Inc., Natick, MA) codes were used to analyze the data. The amount of displacement necessary to reach a load of 50 N was calculated as a measure of joint laxity under the anterior drawer tests. Peak force was determined from the stress relaxation tests as the maximum force reached during the test and the relaxation force was an average of the force readings from 18 to 20 min. Percent relaxation was calculated as the difference between the peak force and relaxation force as a percent of the peak force. With the Matlab Curve Fitting Toolbox, a second order power law fit of the force versus time graph was used to fit the relaxation curve. Equation (1) shows the equation used for fitting where y is equal to the force, x is equal to the time, and the coefficients A, B, and C are obtained from the curve fit. 26, 27 MECHANICAL PROPERTIES OF IMPLANTED ACL SCAFFOLD
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Failure load and displacement values were determined from the pull to failure tests based on the point at which the sample reached the maximum force. Strains were determined using the original graft length. Using a least squares method, a bilinear curve fit was applied to the force-displacement data to quantify the stiffness in the toe and linear regions, as well as force, displacement, and strain values corresponding to the transition point of the bilinear fit. 28, 29 y
Data are presented as mean AE standard deviation. For all quantitative measures, comparisons were performed using multi-way analysis of variance (ANOVA) models with Tukey's post-hoc test using Minitab (Minitab, Inc., State College, PA). Differences corresponding to a p-value of less than 0.05 were considered to be significant.
RESULTS
Anterior Drawer Testing
Ovine cadaver stifle joints with the native ACL intact underwent 2.3 mm of displacement to reach an applied load of 50 N (Fig. 3) . After ACL transection, joint laxity increased significantly compared to the intact ACL condition. Implantation of the electrospun scaffold significantly reduced joint laxity compared to the ACLX condition and was not significantly different than the ACL intact condition. In contrast, joint laxity following soft tissue graft implantation was not significantly different from the ACL transected condition and was greater than the ACL intact joint.
Stress Relaxation Testing
The native ACL relaxed on average 36% over the 20 min hold period. The scaffold ex vivo, scaffold in situ, and the soft tissue graft relaxed on average 31%, 32%, and 63%, respectively. There were no statistically significant differences in the peak force or relaxation forces of the native ACL and the scaffold ex vivo (Fig. 4A) . For the scaffold in situ, the peak force and relaxation force were significantly lower than the native ACL. The soft tissue graft had a relaxation force that was significantly lower than the native ACL. Using a second order power law, the average curve fit had an R 2 value of 0.96 AE 0.04 for the native ACL, 0.99 AE 0.01 for the scaffold ex vivo, 0.97 AE 0.02 for the scaffold in situ, and 0.97 AE 0.03 for the soft tissue graft. No statistically significant differences were found between the fitted coefficients of the native ACL and the scaffolds ex vivo or in situ (Fig. 4B-D) . However, all three of the fitted coefficients of the graft samples were significantly different than all other groups (Fig. 4B-D) .
Pull to Failure Testing
The failure load of the native ACL was significantly greater than the other groups (Figs. 5A and 6) , however, there were no significant differences in the failure strain and failure displacement (Fig. 5B and C). Bilinear fitting was applied to the native ACL and scaffold groups to quantify stiffness in the toe and linear regions. Graft samples did not display an obvious toe region and thus only a linear stiffness is reported. The toe region stiffness of the scaffold in situ was significantly lower than the native ACL (Fig. 7A) . The stiffness of the ACL in the linear region was significantly higher than other groups (Fig. 7A) . The transition force was significantly higher for the native ACL compared to the scaffold ex vivo and in situ, however, there were no differences in the transition displacements or strains (Fig. 7B-D) .
DISCUSSION
In this study, we demonstrated that after implantation, a novel electrospun scaffold is able to mimic the mechanical behavior of the ovine ACL by reducing joint laxity and matching the mechanical properties of the native ACL in the range of functional strains. The structure of the scaffold closely mimics the structure of clinically available bone-tendon-bone (BTB) graft with electrospun nanofibers connected on each end with solvent cast blocks of PCL, which enables it to be securely fixed in the joint using stainless steel interference screws. Ã Indicates significantly different from ACL (p < 0.05).
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To assess the behavior of the scaffold after implantation a sheep stifle joint was used as a model for the human knee joint. The sheep stifle joint anatomy is similar to the anatomy of the human knee and prior work has shown that it is a valid surgical model for the human knee. 30, 31 Although gait biomechanics vary between humans and sheep, primarily because sheep are quadrupeds while humans are bipedal, similarities are present. During gait the ovine stifle experiences flexion-extension angles between $40å nd $80˚which is a more narrow range of angles and an overall more flexed position than what is observed during human gait. [32] [33] [34] [35] However, the peak tibiofemoral contact force during gait in sheep is $2.12 times bodyweight, which is similar to the loads experienced by the human knee during gait. 32, 36 Additionally compressive testing has demonstrated that contact areas and contact pressures on the ovine tibial plateau during simulated gait mimic measured in the human knee. 32, [37] [38] [39] Thus sheep stifle joint anatomy and joint biomechanics make it an appropriate model for assess scaffold mechanics. The surgical procedure utilized to implant the scaffold in the ovine stifle joints mimics the surgical procedure used to implant ACL bone-tendon-bone grafts into human knee joints. Both procedures involve drilling bone tunnels in the femurs and tibias, drawing the graft into place, and securing it with a fixation device. The type of fixation type varies and may be a stainless steel interference screw, a bioresorbable interference screw, or Endobutton.
Joint laxity was assessed using a simulated anterior drawer test and similar to other studies on ovine limbs, an intact ACL resulted in minimal displacement of the femur relative to the tibia and transection of the ACL nearly tripled the amount of joint laxity. [22] [23] [24] Implantation of the electrospun scaffold improved joint laxity by 50% and returned it back to normal (ACL intact) levels. It is likely that the secure attachment of the PCL blocks and stainless steel interference screws in the bone tunnels contributed to the reduced joint laxity. In an in vivo setting, this ability to decrease joint laxity will potentially improve joint stability, decrease the risk of repair failure, and mitigate damage to surrounding soft tissues. 10, 40 Simulated anterior drawer testing has been previously used to assess the integrity of tissue engineered ovine ACL replacements and decreased laxity after reconstruction has been taken as an indication of biomechanical success of the tissue engineered ACL replacement. 22, 24 In contrast, implantation of the soft tissue graft failed to improve laxity levels, which may be due to the graft fixation technique, or damage to the graft during implantation. To avoid graft damage by interference screws, a BTB graft could be used as a comparison group, however, due to the relatively long length of the ovine patella tendon, BTB graft harvest, and implantation is challenging. 30, 41, 42 Alternatively, studies comparing soft tissue graft fixation techniques have shown that fixation with a transcondylar device or sutures secured over a button may provide a more robust repair and mitigate damage to the graft during insertion. [43] [44] [45] [46] Stress relaxation experiments were utilized to evaluate the time-dependent behavior of the various implants studied. Assessing the properties of the scaffold ex vivo provides a baseline measure of properties without effects of surgical implantation or the in situ environment. Although the peak and relaxation force of the native ACL and the scaffold ex vivo were in not significantly different, after in situ implantation the scaffold demonstrated significantly lower peak and relaxation forces than the native ACL. These differences in scaffold properties before and after implantation may suggest that the implantation procedure is damaging the scaffold. Placement of the scaffold into the bone tunnels requires significant physical manipulation which could be causing plastic deformation of the nanofibers, thus reducing stiffness and diminishing the ability to support applied loads. Additionally, when the interference screws are inserted the sharp threads of the screw may slice through some nanofibers on the periphery of the scaffold which would change the structural properties. While no physical damage or deformation of the nanofiber bundles was observed after implantation of the scaffold, damage may have occurred at the micro-or nano-size scale and was thus not visible. Future studies will include more thorough structural assessments of the scaffold after implantation to assess for the presence of damage. Additionally, future work should focus on optimizing the surgical procedure to ensure the structural integrity of the scaffold is not compromised during implantation
The power-law fit of the stress relaxation curve demonstrated similar relaxation behavior between the native ACL and the electrospun scaffold, suggesting that in vivo the scaffold may mimic the time-dependent properties of the native ACL. In comparison, the fitted coefficients of the soft tissue graft stress relaxation curve suggest that the soft tissue graft relaxes more quickly than the native ACL and undergoes nearly double the amount of relaxation. The stress relaxation response of the ACL is important for the ability of the ACL to prevent fatigue and stabilize the knee during prolonged joint motion and thus an ACL replacement should possess similar time-dependent properties. 47 In order to choose a suitable replacement for a damaged ACL, other groups have investigated the time-dependent properties of soft tissue grafts via mechanical testing. Two variations of semitendinosus grafts were tested via stress relaxation and demonstrated approximately 55% relaxation. 48 This value closely matches the soft tissue graft in the present study; however, the semitendinosus grafts were tested ex vivo, so it is difficult to estimate the relaxation after implantation. Donahue et al. also performed testing on ex vivo soft tissue grafts from two species: Bovine and human. 49 Double looped bovine digital extensor tendons and human semitendinosus and gracilis tendons demonstrated similar stress relaxation characteristics and relaxed approximately 20%. This lower amount of relaxation may be due to the rigorous preconditioning regime or variations in testing setup. Clinically it has been shown that graft tension and stiffness achieved immediately following ACL reconstruction is not maintained post-operatively due to stress relaxation, further emphasizing the importance of considering the stress relaxation response when choosing materials for ACL reconstructions. 50 Neither the electrospun scaffold (ex vivo or in vivo) nor the soft tissue graft was able to approach the failure load of the native ACL. This is similar to other research groups whose ovine ACL repair materials have been deficient in failure properties both before and after implantation. [51] [52] [53] [54] However, assessing the properties of ACL replacements via pull to failure tests may not provide an accurate portrayal of in vivo behavior because the native ACL is not isolated and loaded in pure tension to the point of failure during normal activities. Because the ACL experiences strains of $3% or $1 mm during normal gait, investigating the behavior of ACL replacements in the region smaller strains may be more relevant for assessing the ability of replacements to mimic the native ACL. Hence, a bilinear fitting approach was utilized to quantify two separate regions of the force-displacement curve: An initial non-linear toe region, followed by a stiffer linear region that occurred at higher strains. 5 Both the ACL and electrospun scaffold displayed the characteristic toe and linear regions. It is important to note that the toe region stiffness of the ex vivo scaffold was not significantly different than the toe region stiffness of the native ACL. This is promising as it suggests that in this lower strain functional toe region, the scaffold performs similarly to the native ACL. The lower toe region stiffness of the scaffold in situ may be due to rupture or plastic deformation of the nanofiber bundles during surgical implantation.
The bilinear fitting approach also permits identification of the transition point from the toe to linear MECHANICAL PROPERTIES OF IMPLANTED ACL SCAFFOLD region. The transition force of the scaffold was significantly lower than the transition force of the native ACL, suggesting that the scaffold begins to undergo plastic deformation at lower loads. However, the transition force of the scaffold, as well as the toe region stiffness, are expected to increase with in vivo implantation time and de novo tissue deposition. [55] [56] [57] The toe region and transition point similarities between the native ACL and the scaffold may be attributed to the materials' similar hierarchical structures. The viscoelastic behavior of the ACL is thought to be due primarily to the crimped collagen fibers that make up the ligament. 6 In the toe region of the force curve, the collagen fibers are experiencing reversible un-crimping. Similarly, the electrospun scaffold is composed of electrospun PCL nanofibers that are primarily aligned along the longitudinal axis of the scaffold. 20 The initial toe region of the scaffold may be due to the rearrangement of the nanofibers during loading. 20 Additionally, we have previously shown that the modulus of the nanofiber bundles that compose the scaffold is approximately 155 MPa which closely matches the modulus of the native ovine ACL, previously reported to be approximately 158 MPa. 20, 58 Finally, although the properties of the implanted electrospun scaffold do not perfectly match the native ACL at time zero after implantation it is hypothesized that mechanical properties may be improved with in vivo implantation time. [55] [56] [57] Overall this work has shown that prior to implantation the electrospun scaffold mimics the relaxation behavior of the native ACL and has comparable toe region stiffness. After implantation in an ovine cadaver joint the scaffold demonstrates slightly diminished relaxation properties and toe region stiffness; however, it is still able to restore joint laxity to normal levels. These results suggest that the electrospun scaffold is a suitable mechanical replacement for the ovine ACL. Future work will focus on further scaffold mechanical characterization. Anterior drawer, stress relaxation, and pull to failure tests will be conducted at various strain rates to assess strain rate dependency and enable comparisons of mechanical measures obtained from different tests. The time-dependent mechanical properties will be described using more complex quasi-linear-viscoelastic material models. Young's modulus of the scaffold and the soft tissue graft will also be assessed to compare to the measured Young's modulus of the native ACL. Dynamic mechanical analysis and repeated cyclic loading will be conducted to assess the ability of the scaffold to withstand repeated applied loads, as would occur during normal gait. Thin film pressures sensors will be utilized to measure force distribution within the tibiofemoral joint during simulated ovine gait. Ultimately a complete mechanical characterization will drive eventual in vivo implantation of the scaffold in an ovine stifle joint.
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